High-field metamagnetism in the antiferromagnet CeRh 2 Si2 
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A study of the antiferromagnet CeRri2Si2 by torque, magnetostriction, and transport in pulsed 
magnetic fields up to 50 Tesla and by thermal expansion in static fields up to f 3 Tesla is presented. 
The magnetic field-temperature phase diagram of CeRli2Si2, where the magnetic field is applied 
along the easy axis c, is deduced from these measurements. The second-order phase transition 
temperature Tm and the first-order phase transition temperature Ti,2 (= 36 K and 26 K at zero-field, 
respectively) decrease with increasing field. The field-induced antiferromagnetic-to-paramagnetic 
borderline H c , which equals 26 T at 1.5 K, goes from first-order at low temperature to second- 
order at high temperature. The magnetic field-temperature phase diagram is found to be composed 
of (at least) three different antiferromagnetic phases. These are separated by the first-order lines 
Hi, 2, corresponding to Ti ( 2 at H = 0, and -#2,3, which equals 25.5 T at 1.5 K. A maximum of 
the T 2 -coefficient A of the resistivity is observed at the onset of the high-field polarized regime, 
which is interpreted as the signature of an enhanced effective mass at the field-induced quantum 
instability. The magnetic field dependence of the A coefficient in CeRli2Si2 is compared with its 
pressure dependence, and also with the field dependence of A in the prototypal heavy-fermion system 
CeRu 2 Si 2 . 

PACS numbers: 72.15.Qm,75.30.Mb,75.50.Ee 



I. INTRODUCTION 

CeRli2Si2 is a heavy-fermion antiferromagnet, crystal- 
lizing in the ThCr2Si2 tetragonal structure, which can 
be driven to a magnetic instability either by applying 
pressure^ or magnetic field 2,3 . It exhibits a second- 
order antiferromagnetic transition at the Neel temper- 
ature Tn — 36 K and a first-order phase transition at 
T h2 = 26 KM.. For temperatures T h2 <T <T N , the 
moments on the Ce sites order antiferromagnetically with 
wavevector (1/2,1/2,0). Below T\p the antiferromagnetic 
structure is modified, the intensity of the (1/2,1/2,0) 
Bragg peak being strongly reduced while an additional 
(1/2,1/2,1/2) Bragg peak suddenly develops^. De Haas - 
van Alphen experiments on this system at ambient pres- 
sure were interpreted in terms of localized /-electrons^. 
Application of hydrostatic pressure induces a quantum 
phase transition to a paramagnetic Fermi liquid regime at 
a critical pressure of around 1 1 kbari and unconventional 
superconductivity emerges in the vicinity of the quantum 
phase transition below a critical temperature going up to 
TgQ X fa 0.4 K— Above 11 kbar, an itinerant description 
of the /-electrons was proposed from studies of the Fermi 
surface^. In Ref . and U the application of a magnetic 
field along the easy-axis c was found to induce two succes- 
sive first-order transitions, around H c ~ 26 T, between 
the low-field antiferromagnetic phase and a high-field po- 
larized paramagnetic regime. At the metamagnetic tran- 
sition, the magnetization jumps in two successive steps 
from 0.2 to 1.6 fi B /Ce (Ref. andi). 

In this article, we present a study of the properties of 
CcRli2Si2 (at ambient pressure) in high magnetic fields 



applied along the easy axis c. Torque, magnetostriction, 
and transport measurements have been carried out in 
pulsed magnetic fields up to 50 T, and thermal expan- 
sion measurements have been performed in static fields 
up to 13 T. This study enabled us to characterize pre- 
cisely the magnetic field-temperature phase diagram of 
the system. We found that the transition temperatures 
Tjv and decrease with increasing magnetic field. 
The antiferromagnetic-to-paramagnetic polarization at 
the magnetic field H c , which is a second-order transi- 
tion at high temperature, becomes a first-order tran- 
sition at low temperature where HqH c equals 26 T at 
1.5 K. Below 20 K, an additional first-order anomaly de- 
velops at a magnetic field hqHi^, which equals 25.5 T 
at 1.5 K. These transition lines imply that the mag- 
netic field-temperature phase diagram of CeRli2Si2 is 
composed of (at least) three antiferromagnetic phases. 
Fits of the low temperature resistivity show a strong and 
sharp enhancement of the quadratic coefficient A(H) at 
the transition to the polarized regime. As well as anti- 
ferromagnetic fluctuations probably govern the pressure- 
induced criticality, ferromagnetic fluctuations might play 
a role at the field-induced instability. We compare the 
magnetic-field induced instability and previous studies 
of the pressure-induced instability in CeRh 2 Si2- Assum- 
ing that A is proportional to the square of the average 
effective mass, which is dressed by the magnetic fluctu- 
ations, the magnetic field- and pressure-driven enhance- 
ments of the mass are discussed. Finally, the properties 
of CeRli2Si2 are compared with those of the canonical 
example CeRu2Si2 of heavy-fermion metamagnetism. 

Experimental details are given in Section [TXJ The 
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(H, T) magnetic phase diagram inferred from our resistiv- 
ity, torque, and thermal expansion measurements is pre- 
sented in Section Mil Thermal expansion, magnetostric- 
tion, torque, and resistivity data are shown and analyzed 
in Sections |TVl [V] and EU In Section I VIII we concen- 
trate on the magnetic field-dependence of the quadratic 
resistivity term A, which is compared with its pressure- 
dependence and with the magnetic-field dependence of A 
in CeRu2Si2- 



II. EXPERIMENTAL DETAILS 

Single-crystalline CeRh 2 Si2 samples were grown by 
the Czochralski technique in a tetra-arc furnace. Their 
residual resistivity ratios of ~ 60 give evidence for the 
high quality of the crystals. Torque, magnetostriction, 
and transport experiments were performed up to 50 T 
at the pulsed magnetic field facility at the LNCMI- 
Toulouse. Thermal expansion measurements were made 
in static magnetic fields up to 13 T. Torque measure- 
ments were performed using a commercial piezoresistive 
micro-cantilever developed by Seiko Instruments Incor- 
porated. The sample was glued with Apiezon N grease 
to the cantilever. A one-axis rotating sample holder al- 
lowed a small angle 8 to be varied between the c direc- 
tion and the magnetic field at ambient temperature. The 
variation of the piezoresistance of the cantilever was mea- 
sured with a Wheatstone bridge with an AC excitation at 
a frequency of 70 kHz. Magnetostriction and thermal ex- 
pansion were measured along the c-axis using commercial 
strain gages from the company Kyowa®. A Wheatstone 
bridge allowed us to measure the difference between the 
variation of the length of the sample and a reference one 
(silicon). Magnetostriction and thermal expansion were 
measured at frequencies of 60 kHz and 20 Hz, respec- 
tively. For the resistance measurement, a current excita- 
tion of 10 mA at 60 kHz was applied along the a-axis. 
The voltage (and a reference signal) was digitized using 
a high-speed digitizer and post-analyzed to perform the 
phase comparison. While three samples from the same 
batch have been measured and give similar results, the 
data presented here correspond to the sample which has 
the best geometric factor. Tiny and non-reproducible 
variations of the out-of-phase signal between two mag- 
netic field pulses led to additional offsets in the resis- 
tance versus field data. These offsets were corrected so 
that the zero-field resistance from each resistance ver- 
sus field data at a particular temperature corresponds to 
the resistance versus temperature data measured at zero- 
magnetic field. For all measurements, the magnetic field 
H was applied along c (with a small additional angle for 
the torque). Torque and magnetostriction measurements 
were performed in a longer-pulse magnet (55 ms of ris- 
ing field and 300 ms of falling field) than the resistivity 
measurements (26 ms of rising field and 110 ms of falling 
field). We show only data collected during the decreasing 
field part of the magnetic field pulse. 



III. MAGNETIC FIELD-TEMPERATURE 
PHASE DIAGRAM 

Fig. [U shows the magnetic field-temperature phase 
diagram of CeRh2Si2, for H || c, constructed from 
our resistivity, torque, and thermal expansion measure- 
ments presented in Sections IIV1 [Vl and I VII The an- 
tifcrromagnetic phase, which develops at zero-field be- 
low Tjv = 36 K, is destabilized in magnetic fields H 
higher than H c , which equals 26 T at T = 1.5 K. H c 
corresponds to a field-induced transition to a paramag- 
netic polarized regime with a strong polarization of the 
Ce moments^. The antiferromagnetic-to-paramagnetic 
borderline Tjv (or equivalently H c ) goes from second- 
order above w 20 K (and below 24 T) to first-order below 
w 20 K (and above 24 T). Inside the antiferromagnetic 
phase two different magnetic transitions correspond to 
the first-order transitions at (or equivalently -Hi, 2) 
and i?2,3- They separate at least three antiferromagnetic 
phases, noted here AF1, AF2, and AF3. The transition 
temperature Ti^, which equals 26 K at zero-magnetic 
field (or equivalently the magnetic field #1,2), separates 
the antiferromagnetic phases AF1 and AF2. Both Tn 
and Ti ; 2 decrease with increasing magnetic field. The 
transition line fla,3 corresponds to a field-induced tran- 
sition between the phases AF2 and AF3, this last phase 
being stable in a very narrow field-range of about 0.5 T. 
Torque measurements (see Section |V| show that £22,3 
and H c , which are distinct at low temperature, merge 
at about (24 T, 20 K). Our data are compatible with 
the presence of a critical point at around (24 T, 20 K) 
where all the antiferromagnetic transition lines would 
merge. However, the temperature uncertainty and the 
limited resolution of our experiments in pulsed fields (see 



(o, A = resistivity ; = torque ; ♦,♦ = thermal expansion ) 




FIG. 1. (Color online) Magnetic field-temperature phase di- 
agram of CeRh2Si2, with H || c, obtained from resistivity, 
torque, and thermal expansion. The insert focuses on the 
low-temperature part of the phase diagram. 
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Sections [TV] |V] and IVij) do not allow us to conclude if 
this critical point really exists. Further measurements in 
static high magnetic fields would be necessary to check 
more carefully how the different transition lines behave 
in the proximity of the point (24 T, 20 K) and to test 
if they merge in a unique critical point. Finally, the 
high-temperature part of the phase diagram is charac- 
terized by a crossover at a magnetic field H po i, defined 
here using resistivity data (see Section IVij) . between the 
low-field antiferromagnetically correlated phase and the 
high-field polarized phase. H po i increases linearly with 
T or, equivalently, the characteristic temperature T po i of 
the high-field polarized state is proportional to H . 



IV. THERMAL EXPANSION AND 
MAGNETOSTRICTION 

The temperature dependence of the thermal expan- 
sion coefficient a c — 1/L C x dL c /dT, where L c is the 
length of the sample along c, is plotted in Fig. [5] for 
20 < T < 40 K and magnetic fields H || c of T, 5 T, 
10 T, and 13 T. Thermal expansion at zero-magnetic 
field indicates the presence of two phase transitions, a 
step-like anomaly in a c (T) is found at the second-order 
phase transition temperature Tn — 35.5 ±0.1 K (de- 
fined at the extremum of slope of a c (T)) and a sym- 
metric negative peak is found at the first-order transi- 
tion temperature T\$ = 25 ± 0.1 K (defined at the mini- 
mum of a c (T))^. Our zero-field data are in good agree- 
ment with previous thermal expansio n 10 ' 11 and specific 
heat measurements^, which also indicated the second- 
order nature of T/v and the first-order nature of Ti^ 
(see also @). However, the relative change in length 
(AL C /L C ~ 1.7 x 10~ 4 ) between 5 K and T/v correspond- 
ing to the zero-field thermal expansion coefficient a c plot- 
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FIG. 2. Thermal expansion coefficient versus temperature of 
CeRli2Si2 measured for magnetic fields ^lqH = T, 5 T, 10 T, 
and 13 T applied along c. 
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FIG. 3. (Color online) Magnetic field-dependence at T — 
1.5 K and for H || c, (a) of the relative length AL C /L C of 
CeRfi2Si2 and (b) of the related magnetostriction coefficient 



ted in Fig. [2] is 30 % smaller than the variation of around 
2.5 x 10 -4 reported using absolute capacitive dilatometry 
technique^ -. The strain gauge is thus not perfectly cou- 
pled to the sample. The efficiency of the coupling is esti- 
mated to 70 %. For this reason, the anomalies in a c (T) 
reported here at Tjv and T\_i are smaller than those from 
Ref. [13 and[U As shown in Fig. HJ both T N and T l>2 
decrease when a magnetic field is applied along c. Since 
the anomalies at Tjv and in a c (T) are both negative, 
the Ehrenfest and Clapeyron relations respectively imply 
that, in magnetic fields < /iqH < 13 T parallel to c, 
uniaxial pressures applied along c would decrease both 
T N and Ti t 2- 

Fig. [3] (a) shows a plot of the magnetic field- variation 
(H || c) of AL C /L C measured at T = 1.5 K. A two- 
step like increase of AL C /L C is induced at the first-order 
transitions i?2,3 — 25.5 T and H c ~ 26 T leading to 
two well-defined peaks in the magnetostriction coefficient 
A c = 1/L C x dL c /d(fi H) (Fig. |3](b), see also @). The 
two steps in length variation {AL C / L c )i ~ (AL C / L c ) 2 — 
2 x 10 -4 measured at 1/2,3 and H c recall those, equal to 
AMi ~ AM 2 — 0.7 /1 b , observed in the magnetization 
at #2,3 and H c (Ref. andi). Taking into account the 
30 % reduction in sensitivity of the length variation, we 
can estimate the real length variations at Hi 3 and H c 
by (AL C /L c )l e f ~ 3 x lO" 4 . 



V. TORQUE 

Fig. |4] shows a plot of the field-derivative of the torque 
versus magnetic field of CeRli2Si2 at temperatures be- 
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FIG. 4. (Color online) Magnetic field- derivative of the torque 
in CeRli2Si2 versus magnetic field for temperatures T < 24 K 
and magnetic fields along c. 



tween 4.2 K and 24 K. The torque signal is proportional 
to MHsinO where M is the magnetization and 9 is a small 
angle between the magnetic field H and the easy axis c 
of the sample. The field-induced polarization of the sys- 
tem is accompanied at 4.2 K by two successive steps in 
the torque, which lead to two well-defined maxima in the 
field-derivative of the torque at the first-order transitions 
fields if 2, 3 ~ 25.5 T and H c w 26 T. Our torque data are 
in good agreement with our magnetostriction data (see 
Section |IV[) . and also with magnetization measurements 
performed by Settai et al»2 and Abe et alj 3 -, in which two 
first-order transitions were reported at similar magnetic 
fields. From Fig. 0] it is clear that the two transitions 
i?2,3 and H c merge at about 20 K into a single first-order 
transition H c . We note that f/2,3 and H c were found to 
be distinct up to 24 K in the magnetization data from 
Settai et ali^. In our data, a first-order like anomaly at 
H c can be seen up to 23 K. This is characterized by a 
symmetric positive anomaly in the field-derivative of the 
torque (Fig. |4]). For T > 24 K, an asymmetric step- 
like anomaly as opposed to the symmetric maximum ob- 
served at lower temperatures is observed at H c in the 
field-derivative of the torque. This anomaly indicates 
that the transition is of second-order 9 . 



VI. RESISTIVITY 

Fig. [5] shows measurements of the resistivity p xx ver- 
sus H of CeRli2Si2 for magnetic fields up to 50 T and 
temperatures between 1.5 K and 80 K. At low temper- 
atures, a step-like anomaly is observed at the critical 
field poH c = 25.9 T (H c is defined at the extremum 
of slope of Pxx(H)). This anomaly corresponds to the 
antifcrromagnetic-to-paramagnetic borderline of the sys- 
tem. Our resistivity data show only one first-order tran- 



sition to the polarized regime, while torque and magne- 
tostriction data permitted us to observe two successive 
transitions at H2.3 and H c (Sections IIVI and W\ . The 
strong change of resistivity between the antiferromag- 
netic and the polarized phases is associated with a re- 
construction of the Fermi surface as recently detected by 
quantum oscillations in measurements of the torque in 
high static magnetic fields 13 . The transition field H c de- 
creases with increasing temperature and reaches zero at 
T N {H = 0) = 36 K. Below 20 K, the anomaly at H c 
has an asymmetric step-like shape and can be considered 
as the signature of a first-order transition. At 20 K, the 
shape of p xx {H) is almost symmetric and a change of 
slope at a magnetic field of around 24 T has replaced 
the step-like anomaly observed at low temperature. For 
20 < T < 36 K, a second-order-like change of slope of 
Pxx (H) can be defined at the antiferromagnetic transition 
field H c . The p xx versus H data plotted in Fig. [5] indi- 
cate that, at around (24 T, 20 K), the antiferromagnetic- 
to-paramagnetic transition in CeRli2Si2 goes from first- 
order at low temperature to second-order at high tem- 
perature. For T > 36 K, a broad maximum of p xx {H) is 
found at a magnetic field H po i, which increases with T. 
This anomaly is attributed to the crossover between the 
low-field paramagnetic regime, where antiferromagnetic 
correlations dominate, and the high-field polarized para- 
magnetic regime. The initial positive slope of the mag- 
netoresistivity is attributed to antiferromagnetic correla- 
tions. The persistence of a positive slope in p x ,x (H) at 
80 K implies that antiferromagnetic correlations develop 
above 80 K. If the Ce ions would be independent, i.e., 
only subject to single-site phenomena as in the Kondo 
effect, a negative slope of the magnetoresistivity would 
be expected at all magnetic fields. 

The derivative of the resistivity dp xx /d(poH) is plot- 
ted in Fig. E for p H < 30 T and 1.5 < T < 36 K. 
Below 10 K, a well-defined minimum of dp X x/d(poH) 
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FIG. 5. (Color online) Resistivity p xx versus magnetic field 
H in CeRh 2 Si 2 , for H II c and 1.5 < T < 80 K. 
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is obtained at the first-order transition field H c . For 
T > 10 K, the size of the first-order-like anomaly in 
dpxx/d(fioH) decreases with increasing T, being progres- 
sively replaced by a step-like anomaly in dp xx /d(poH). 
Between 26 K and 36 K, a clear step-like anomaly is ob- 
served in dp xx /d(noH) at H c , which is defined at the 
extremum of slope of dp xx /d(poH)). This step coincides 
with the second-order nature of the transition. The fact 
that both kinds of anomalies, i.e., a step and a minimum, 
can be defined in all dp xx /d(p H) versus H curves for 
10 < T < 24 K shows that the change between the low- 
and the high-temperature regimes is not so well-defined 
in our resistivity data. To understand these features, it 
would be interesting to investigate the transport prop- 
erties of other systems where a magnetic transition also 
goes from second- to first-order when the temperature is 
lowered. The size of the step in dp xx /d(poH) reaches 
a maximum at T = 20 K, which may be related to en- 
hanced magnetic fluctuations at around (24 T, 20 K), 
their intensity decreasing below 20 K when the transition 
becomes first-order. In Fig. [SJ an additional anomaly can 
be observed in dp xx /d(poH) at the magnetic field .Hi ,2, 
for the temperatures 20 < T < 24 K. This anomaly cor- 
responds to the transition between the antiferromagnetic 
states AF1 and AF2, which occurs at Ti 2 = 26 K in zero- 
field. Since T1.2 is a first-order transition, an extremum 
of dp xx /d(poH), similarly to the one observed at H c , 
should be expected at Hi 2- A first-order-like anomaly 
at H\ 2 was obtained by Levy et al. using static high 
magnetic fields^, but this anomaly is probably hidden 
here by a broadening of the transition due to the pulsed 
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FIG. 6. (Color online) Magnetic field-derivative of the re- 
sistivity dp X x/d(poH) versus H in CeRh2Si2 for H || c and 
1.5 < T < 36 K. 
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FIG. 7. (Color online) Resistivity versus temperature p X x{T) 
of CeRli2Si2, for magnetic fields H |J c of 0, 15, 25.5, 26.5 and 
48 T. 



nature of the magnetic field. 

Fig. [7]shows the temperature dependence of p xx at dif- 
ferent magnetic fields. The curve at zero-field was mea- 
sured separately, while the data in magnetic field have 
been extracted from the p xx versus H data plotted in Fig. 
\5\ No anomaly is seen at 25.5 T in contrast with the clear 
kinks at 36 K and 25 K in zero-field and at 15 T, respec- 
tively, which correspond to the transition line Tjv (cf. the 
phase diagram in Fig. [1]). However, the T-dependence 
of p xx under 25.5 T over the wide T- window from above 
20 K down to low temperatures looks quite anomalous. 
At low temperature, p xx drops suddenly through H c and 
the system becomes highly polarized paramagnetically. 
Plots of p xx versus T 2 are shown in Fig. [8] (a) for mag- 
netic fields below 25 T and in Fig. [5] (b) for magnetic 
fields above 25.5 T. In these plots, the dotted lines corre- 
spond to the fits to the data by p xx = p xx + AT 2 made for 
T < 8 K. In Fig. [8] (c), the quadratic coefficient A and 
the low-temperature resistivity p xx extracted from the 
fits are presented. The step-like anomaly in p xx of course 
governs the behavior of p xx at very low temperature (Fig. 
[5]) . A step- like anomaly was also reported in the p xx ver- 
sus p data at a critical pressure of around 10 kbar corre- 
sponding to the quantum phase transition to a paramag- 
netic regime^. In the low-field antiferromagnetic state, 
quantum oscillations and band calculations based on the 
4/-localized model have shown that the Fermi surface 
is multiple connected^. Thus, the orbital magnetoresis- 
tance is expected to be saturated and field-independent, 
at least below the critical field H c . A Fermi surface re- 
construction probably occurs at H c , as indicated by the 
sudden variation of p xx . The slight increase of p xx ob- 
served above H c (see Fig. [8] (c)) could result from an 
orbital effect due to a reconstruction of the Fermi surface 
in closed orbits at high fields. To support this hypoth- 
esis, the high-field condition uj c t > 1, where uj c is the 
cyclotron frequency and t the lifetime of the electron, 
should be fulfilled. This could be the case here, since the 
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FIG. 8. (Color online) Resistivity of CeRh2Si2 in a p xx shown 
versus T 2 , for H || c and a) H < 25 T, b) H > 25.5 T. 
Dotted lines correspond to fits to the data, for T < 8 K, by 
pxx = px.x + AT 2 , c) Plots of the quadratic coefficient A and 
of the residual resistivity p x<x as a function of H. Red closed 
circles show the coefficient A extracted for H 7^ H c (where 
a quadratic fit sounds reasonable), while a red open circle is 
used for A extracted at H c (where a quadratic fit is probably 
not justified). The errors bars come from the uncertainty in 
the numerical fits to the data. Red (full and dotted) lines are 
guides to the eyes for the field variation of A. The black line 
shows the field-dependence of p xx measured at 1.5 K. 



value of p xx ~ 1.6 p£l • cm at zero- field obtained on our 
sample is not so far from the value of 1.3 p£l • cm mea- 
sured on the sample studied in Ref. @, for which quantum 
oscillations were reported at 30 mK. On the other hand, 
the increase of the magnetoresistivity observed above 30 
T does not follow a clear Ap/p ~ (oj c t) 2 ~ H 2 behavior, 
so that the high-field condition u> c t > 1 could also be not 
yet fulfilled. Positive magnetoresistivity could also result 
from disorder effects as described in Ref. HH Further ex- 
periments on samples of different qualities are required 
to solve this problem. A maximum of A is obtained at 
the transition PqH c = 26 T to the polarized regime. The 
maximal value of A, which is a factor 15 bigger than the 
one found at zero magnetic field, is probably affected by 
the sudden step in p xx in the narrow region around H c . 
A Fermi surface reconstruction presumably controls this 
step, around which the resistivity might not be domi- 
nated by the collisions of the quasiparticules. Thus, the 
close region around H c might not be described within 



the Kadowaki- Woods approach-^. A Kadowaki- Woods 
approach is appropriate only when inelastic scattering 
processes, i.e., mechanisms related to the magnetic fluc- 
tuations of the /-electron moments in heavy-fermion sys- 
tems, dominate the electronic effective mass and control 
the temperature dependence of the resistivity. Here the 
A coefficient might be proportional to the square root of 
the average effective mass only in magnetic fields below 
25.5 T or above 26 T, assuming that the carrier density 
does not vary significantly. In these field ranges, A passes 
through a broad maximum at H c , being 10 times bigger 
than its value at zero magnetic field. Resistivity data 
are thus consistent with an enhancement of the heavy- 
fermion effective mass by a factor of 3 at H c . Because of 
this factor 3, fits close to H c should have been made in 
a temperature window 3 times smaller than the fit made 
at zero-field. However, our sensitivity in pulsed magnetic 
fields does not allow to perform such an analysis. 



VII. DISCUSSION 

As shown in Fig. [8] (c), the ^-enhancement of A oc- 
curs over a broad magnetic field window, of about 10 T, 
while the two transitions at i?2,3 and H c are only sep- 
arated by 0.5 T. Their experimental width is less than 
0.1 T through the first-order metamagnetic transitions. 
A further comparison of the pressure 8 ' 12 and magnetic 
field- variations of A/A ma x, as a function of (jp — p c )/p c 
and {H — H c )/H c (see Fig. leads to the remarkable 
result that their variations are almost comparable. Be- 
cause the A coefficient extracted at 26 T (see Fig. [5]) is 
surely affected by the sudden variation of p xx between 
25.5 and 26 T it is not included in Fig. [5] (as well as in 
Fig. HI). 



v S =H{p ) 



A 5 =p (f>J 

(Boursier) 
• 8 =p (pj 

(Araki et al.) 



CeRh 2 Si 2 




1.0 



(5-5)18 



FIG. 9. (Color online) Comparison of the magnetic field- and 
pressure-dependence a 8 ' 12 of the normalized quadratic coeffi- 
cient A/A m ax of the low-temperature resistivity of CeRli2Si2 
versus (5 — 6*)/5. 5 is the magnetic field or the pressure and 
S* its critical value. 
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FIG. 10. (Color online) Schematic magnetic field-pressure or 
doping-temperature phase diagram of the prototypal heavy- 
fermion system CeRu2Si2, when a magnetic field is applied 
along c. 



A similarity between the critical values reached at 
p c and H c has already been observed in the well- 
documented heavy- fermion series CeRu2Si2, which is 
composed of Ising-type magnetic centers on the cerium 
sites, and where quantum criticality can be reached 
via lanthanum doping (fictitious negative pressure) or 
via pressure tuning. The (T, S, H) phase diagram of 
CeRu2Si2 is represented schematically in Fig. [TU1 where 

6 is either the La-doping content x or the pressure p. At 
H = a magnetic singularity separates the antiferromag- 
netic and paramagnetic ground states at 8 C . This corre- 
sponds to an effective negative pressure p c = —3 kbar 
or a La-doping x c — 7.5 % applied on the parent com- 
pound CeRu2Si2 (Rcf. [Hand [l?]). S v corresponds to 
a pressure p v ~ 2 — 5 GPa applied on the parent com- 
pound. Above p v the system is expected to enter into 
an intermediate valent regime^!. From the antiferromag- 
netic phase, application of a magnetic field along c in- 
duces a first-order metamagnetic transition at H c , which 
leads to a critical magnetic field end-point H* ~ 4 T at 
5 C (Ref. [H). Above S c , a sharp pseudo-metamagnetic 
crossover occurs at a magnetic field H m , which reaches 
8 T in pure CeRu2Si2 at ambient pressure. Using in- 
elastic neutron scattering, it has been demonstrated that 
the crossing through H m is associated with the collapse 
of the antiferromagnetic correlations together with an en- 
hancement of the low-energy ferromagnetic fluctuations 
in a quite narrow field-rang o 19 ' 20 . The transition at x c 
is associated with an enhancement of the antiferromag- 
netic fluctuations 17 . A key observation is the increase by 
50 % of the average effective mass at H m , by comparison 
to the zero-field value, as measured by the linear T-term 

7 of the specific heat^. Above H m , the effective mass 
decreases strongly with H. 

Table U recapitulates for CeRh.2Si2 and CeRu2Si2, the 



residual values of the linear T-term 7 of the specific heat 
at (H = 0,p = 0), (H m , c ,p = 0), and (H = 0,p c ) (for 
CeRu2Si2, p c corresponds to a La-doping x c — 7.5 %). 
The value of the initial susceptibility Xc along the easy 
axis c as well as the ratio Xc/Xa °f the susceptibilities Xc 
and Xa along c and along a, respectively, are also sum- 
marized in Table U Typically, 7 and Xc are 10 times 
bigger in CeRu 2 Si 2 (Ref. [H and [IJ than in CeRh 2 Si 2 
(Ref. [U and l25h . which indicates the presence of more in- 
tense low-temperature magnetic fluctuations. This leads 
to an effective mass 10 times bigger in CeRu2Si2 than 
in CeRh 2 Si 2 . The anisotropy of the magnetic suscep- 
tibility, estimated via the ratio Xc/Xa> is also 10 times 
bigger in CeRu 2 Si2 than in CeRh 2 Si2- The proximity of 
CeRh2Si2 to a valence instability could explain both the 
reduction of the magnetic anisotropy, via a Kondo broad- 
ening/overlapping of the crystal-field levels, and the re- 
duction of the saturated moment of this system 2 . In 
such a scenario, the stronger magnetic fluctuations in 
CeRu2Si2 could be a consequence of a stronger magnetic 
anisotropy. Finally, j(H m , c ,p = 0) and j(H = 0,p c ) 
are comparable in both CeRu2Si2 and CeRli2Si 2 (see Ta- 
ble [I]). This indicates that the mechanisms which control 
the magnetic field- and pressure-enhancements of 7, and 
thus of the average effective masses (within a Fermi liquid 
picture) might be closely connected. This conclusion is 
compatible with the variations of A/A max as a function 
of (p — p c )/pc and (H — H c )/H c reported in Fig. [9] 

In Fig. [TT1 a comparison is made, for CeRh 2 Si2 and 
CeRu2Si2 between the variations of A/A max with the re- 
duced magnetic field {H-H*)/H* when H || c (H* = H c 
for CeRh 2 Si 2 and H* = H m for CeRu 2 Si 2 ). Below H* , 
A/A max increases faster with (H — H*)/H* in CeRh 2 Si2 
than in CeRu2Si2. Oppositely, above H* A/A max de- 
creases faster in CeRu2Si2 than in CeRli2Si2. In a 
conventional magnetic fluctuations scenario 2 ^— , an en- 
hancement of the magnetic order parameter fluctuations 
controls both A and 7, which leads to a strong effective 
mass related to a fixed Kadowaki- Woods ratio ^4/7 2 (Ref. 
[]~5h . In real systems, A and 7 can be sensitive to other 
effects, such as the nature of the magnetic fluctuations 
(antiferromagnetic, ferromagnetic, single-site etc.) and 
departures from a unique Kadowaki- Woods ratio can be 
the consequence of a wavevector dependence of the mag- 



TABLE I. Specific heat linear coefficient 7 at (H = 0,p — 0), 
(H mtC ,p = 0), (H — 0,p c ), low temperature susceptibility \o 
along c, and ratio Xo/Xo of the susceptibilities along c and a, 
for CeRh2Si2 and CeRu2Si2- 



CeRh 2 Si 2 



CeRu 2 Si 2 



j(H = 0,p = 0) (mJ/mol.K 2 ) 
j(H m:C ,p = 0) (mJ/mol.K 2 ) 
j(H = 0,p c ) (mJ/mol.K 2 ) 
Xc (10 -3 emu/mol) 

Xc / Xa 



23 UM 

40 m 
so m 
3 m 
1-5 m 



350 [TJl 

550 m 

600 m 
36 m 
10-20 m 
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TABLE II. Lattice parameters a and c, unit cell volume V, 
and characteristic energy scales Tjy, Tk, T corr , and Aqf for 
CeRli2Si2 and CeRu2Si2. 





CeRh 2 Si2 


CeRu2Si2 


Tjv (K) 


36 




T k (K) 


35 m 


25 


Tcorr (K) 


> 80 


so-so mmii 


A C F (K) 


300 m 


200 H 


a (A) 


4.09 m 


4.i9 m 


c(A) 


10.18 


9.78 m 


V (A 3 ) 


170.6 m 


i7i.7 m 



netic fluctuations. In high magnetic fields, the persis- 
tence of the proportionality between A and 7 2 has been 
verified for CeRu2Si2 (Ref. l3lh . The differences be- 
tween CeRu2Si2 and CeRh 2 Si2 shown in Fig. [TT] might 
be connected to the differences of their magnetic fluctua- 
tion spectra. In both systems, the low-field variations of 
A(H) are believed to be governed by antiferromagnetic 
fluctuations. Fig. [TT]is compatible with the expectation 
that antiferromagnetic fluctuations are less important in 
CeRh2Si2, which is ordered antiferromagnetically with a 
relatively high Tjv than in CeRu2Si2, which is a para- 
magnet close to an antiferromagnetic instability. As in 
CeRu2Si2 (ref. [l9l and [20h . critical ferromagnetic fluctua- 
tions might play a role in CeRli2Si2 for the enhancement 
of A and 7 in a narrow field range around H * . High above 
H* , for CeRh.2Si2 A(H) is still enhanced and its slope re- 
mains important up to rather high magnetic fields. This 
might be related to additional energy scales, such as the 
Kondo temperature. 

A comparison of the magnetic energy scales of 
CeRh 2 Si2 and CeRu 2 Si2 is presented in Table UU In 



1.0 



0.0 



1 1 1 1 1 1 1 1 1 1 


1 1 1 1 1 1 1 1 1 1 

• CeRh 2 Si 2 




I CeRu 2 Si 2 




A (Levallois et al.) 




\ \ H||c ■ 






1 , . , . 1 


.... 7^ r« 



-1.0 -0.5 0.0 0.5 1.0 



(H-H)IH 

FIG. 11. (Color online) Comparison of the magnetic field- 
dependences of the quadratic coefficient A of the low- 
temperature resistivity, in a A/A max versus (H — H*)/ H plot, 
for the heavy fermions CeRh2Si2 and CeRu2Si2 (Ref. 127?) . 



CeRu2Si2, antiferromagnetic correlations were evidenced 
by inelastic neutron scattering up to a temperature T corr 
estimated between 50 K and 80 K 32 > 33 . This can be con- 
nected to the initial positive slope of the magnetoresistiv- 
ity observed for T < 50 K 34 . Similarly, the initial positive 
slope of pxx(H) observed up to 80 K in CeRli2Si2 (see Fig. 
[5]) is believed to be a manifestation of the strength of the 
antiferromagnetic correlations. We note that, if the Ce 
ions behave as independent paramagnetic centers, assum- 
ing that the orbital magnetoresistance can be neglected, 
the slope of the magnetoresistivity would be negative. In 
CeRli2Si2, the onset of antiferromagnetic correlations is 
established at a temperature T corr higher than 80 K, i.e., 
higher than in CeRu2Si2. Table [TTl also shows that, while 
the unit cell volumes of CeRh2Si2 and CeRu2Si2 are sim- 
ilar, their lattice parameters arc quite different. The big- 
ger inter-plane distance between the Ce ions could be a 
reason for stronger RKKY antiferromagnetic correlations 
in CeRIi2Si2. Indeed, the initial decrease of Tjy under 
pressure is mainly driven by the reduction of the lattice 
parameter c. More precisely, the anomaly at Tjq in the 
thermal expansion along c is negative and 6 times bigger 
than the one along a (see Ref. and Section IIVI) . This 
indicates that the initial slope of Tjv versus uniaxial pres- 
sure is 6 times bigger for an uniaxial pressure along c than 
along a. At ambient pressure, the Kondo temperature 
of CeRh.2Si2 is generally estimated at around 35 K 35 ' 36 , 
which is 50 % higher than in CeRu2Si2 (see Table H*I| . 
The origin of antiferromagnetism in CeRh2Si2 is related 
to the strength of T corr by comparison to Tk ■ A smaller 
Tcorr/Tx in CeRu2Si2 might explain why this system is 
paramagnetic. In addition, CeRh.2Si2 is probably close to 
a mixed valence regime. This is indicated by the small- 
ness of its Sommerfeld coefficient 7, which reaches only 
80 mJ/mol.K 2 at the critical pressure p c , and of its small 
pressure dependence (Ref. 24). The value of 7 at p c 
in CeRh2Si2 is rather similar to that of typical mixed- 
valence compounds, e.g. 7 ~ 40 mJ/mol/K 2 in CeSn3 
(Ref. |37) ). Also, the drop of the magnetic anisotropy in 
CcRli2Si2 (Ref. I25T ) might be related to a broadening of 
the crystal-field levels due to a strong enhancement of 
Tk when entering into the valence intermediate regime. 
A unique property of CeRh2Si2 is that its ordering tem- 
perature is strongly pressure dependent since the rather 
high value of Tjv = 36 K at ambient pressure is driven to 
zero at a "relatively small" pressure p c = 11 kbar. The 
strong pressure-dependence of Tn close to p c could be 
due to a strong increase of Tk under pressure because of 
the proximity to a valence transition p v . Knowing that 
H c reaches 36 T at p c in CeRli2Si2 (Ref. l38l ) one can 
further speculate if, for pressure bigger than p c and p v , a 
magnetic field could push the system to a valence critical 
point (as discussed in Ref. \39l ). In such case, a study 
of the variations of A approaching and through the field- 
induced valence critical point would give important clues 
about the formation of quasiparticules in heavy-fermion 
and intermediate- valent systems. 
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VIII. CONCLUSION 



A study of the heavy-fermion antifcrromagnet 
CeRh2Si2 has been performed in high magnetic fields 
of up to 50 T. From resistivity, torque, magnetostric- 
tion, and thermal expansion measurements we deduced 
its magnetic field-temperature phase diagram. It is com- 
posed of at least three distinct antiferromagnetic phases 
and possibly of a tetra-critical point. Fits of our resistiv- 
ity data showed i) a large H- window where the quadratic 
coefficient A is enhanced, in contrast to the sharpness of 
the metamagnetic transitions, and ii) that similar values 
are obtained for A(p = 0)/A(p c ) and A(H = 0)/A(H c ). 
This implies that both pressure- and magnetic field- 
induced criticalities might be controlled by common fea- 
tures, although they are expected to be governed by an- 



tiferromagnetic and ferromagnetic fluctuations, respec- 
tively. For both pressure- and field-induced magnetic 
instabilities the effective mass is not found to diverge. 
Finally, the drop of the resistivity observed at H c is com- 
patible with the recent observation of a Fermi surface 
reconstruction at H c , possibly related to a large decou- 
pling between the majority and minority spin band. 
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